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Recent cytochemical and freeze-fracture experiments 
indicate that intercellular lipids, derived from the se-
creted contents of epidermal lamellar bodies, may be 
iInportant for the permeability barrier in skin. During 
keratinization extensive changes occur in the morphol-
ogy and histochemistry of intercellular lamellae that 
coincide with profound alterations in the lipid composi-
tion of the stratum granulosum and stratum corneum. In 
the present study we have separated stratum granu-
losum from stratum corneum and measured their lipid 
compositions. In the stratum granulosum polar and neu-
tral lipids are almost equally abundant, and are found 
cytochemically both between and within cells. Lamellar 
bodies examined by cytochemical techniques contain 
free sterols and neutral sugars, suggesting the presence 
of glycosphingolipids, but little phospholipid. On the 
other hand, the stratum corneum contains predomi-
nantly neutral lipids and sphingolipids which are found 
primarily in cell membrane regions. Based upon these 
data, we suggest that lamellar bodies secrete glycolipids 
and free sterols, which are then extensively metabolized 
to free fatty acids, ceramides, and sterol esters. Together 
with some remaining free sterols these coalesce to form 
the broad bilayers of the stratum corneum interstices. 
These hydrophobic lipids are thus ideally situated and 
suited to function as the principal epidermal permeabil-
ity barrier. 
The epidermis is a stratified squamous epithelium, which 
forms a keratinized permeability barrier that protects mammals 
from both desiccation and from external injury. Whereas in 
other nonkeratinizing epithelia zonulae occludentes (tight junc-
tions) are of paramount importance for barrier function [1,2], 
in keratinizing epithelia tight junctions are too sparse and 
fragmentm'y to account for the barrier [3,4]. Instead, the se-
creted contents of lamellm' bodies (membrane coating granules, 
Odland bodies) fills the upper epithelial interstices providing a 
barrier against the outward passage of polar substances [3,4]. 
Although considerable work indicates that intercellular mate-
rials derived from discharged lamellar bodies contribute to the 
formation of the permeability barrier [3,5-7], other workers 
have proposed instead that lamellar bodies are lysosomes whose 
contents provoke the ultimate dyshesion of cornified cells [8,9] 
; still others propose a role for this organelle in intercellular 
adhesion [10,11]' 
Lamellar body contents are dischm'ged into the intercellular 
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spaces into the mid-to-upper stratum granulosum where they 
undergo extensive alterations in structure. Whereas the initially 
expelled contents are disposed as short discs within the inter-
cellular spaces of the stratum granulosum, with outward move-
ment into the cornified layer the lamellar material appears to 
be reshaped into broad, multilaminate sheets [3,7,12,13]. 
Recent biochemical studies in pig and human epidermis have 
demonstrated that mammalian stratum granulosum contains 
neutral lipids, phospholipids, and considerable glycosphingo-
lipid; these substances largely disappear during transformation 
to the stratum corneum, which contains primarily neutral lipids, 
consisting of free fatty acids, free sterols, sterol esters, and 
ceramides [14,15]. 
We [7] recently analyzed the lipid composition of combined 
neonatal mouse stratum granulosum and stratum corneum, and 
found a similar spectrum of polar and neutral lipids, further 
localizing neutral lipids of the stratum corneum to membrane 
regions by histochemistry. In the present study, we have com-
bined additional histochemical methods with more detailed 
biochemical determinations on lipids isolated from separate 
fractions of neonatal mouse stratum granulosum and stratum 
corneum. These results correlate lipid composition with lipid 
histochemistry in mouse stratum corneum and stratum granu-
losum. · 
MATERIALS AND METHODS 
Animals 
Neonatal ICR mice, aged 0-2 days, and adult mouse ear skin served 
as the sole SOUl'ce of tissue for these studies. The rationale for using 
mouse skin is 3-fold (reviewed in reference 16): (1) Pilosebaceous lipids 
cannot contaminate neonatal mouse epidermis, since developing hair 
structures do not penetrate the stratum corneum until the second 
postnatal day; (2) The mouse (in addition to man) is uniquely suscep-
tible to intraepidermal cleavage by the staphylococcal epidermolytic 
toxin, making practical the harvest of large quantities of homogeneous 
material. This substance cleaves the epidermis immediately beneath 
the stratum granulosum, yielding sheets of combined stratum corneum 
and stratum granulosum, which together we term the "barrier layer." 
Finally, purified epidermolytic toxin (ET) appears to be relatively 
noncytotoxic to cells bordering cleavage spaces, and cells cultured in 
the presence of ET, appear unaltered [17]. 
Epidermolytic toxin-rich fractions were isolated from culture super-
natants of phage group 2 staphylococcal strains as previously described 
[18]. 
Preparation of Various Barrier Layer Preparations 
In order to prevent contamination from surface lipids, animals were 
handled only with solvent-treated surgical instruments prior to peeling 
or stripping. The following cell fractions were prepared from neonatal 
mice injected 2 hI' previously with staphylococcal epidermolytic toxin. 
1. Combined stratum corneum and stratum granu.losu.m (Fig 1 & 
2): Several peeled epidermal sheets (Fig 1, 2) from 5-25 neonatal mice 
were pooled for biochemical studies (see below). For histochemical and 
cytochemical studies the sheets were frozen without prefixation for 
light microscopic techniques; or, fIXed and processed as described below 
for ultrastructural cytochemistry. 
• Portions of this work were presented at the Western Regional 
Meeting of the American Federation of Clinical Research, Carmel, 
California, February 2, 1978. 
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FIC 1 & 2. One micron sections of neonatal mouse skin in vivo at the moment of cleavage fo rmation. Note that initia l rent occurs in the lower 
stratum granulosum or at the in terface of the stratum granulosum and stratum corneum. Fig 1 depicts intact sheets of stratum granulosum (SG) 
and stratum corneum (SC), immediately after peeling. E = epidermis, D = dermis (Fig 1 X 350; Fig 2 X 1,000). 
Flc 3 & 4. Isolated populations of granular cells (Fig 3) and cornified ce lls (Fig 4) after trypsinization (see Methods). Typically, granular cells 
become rounded; most keratohyalin granules and lamellar bodies are lost during incubations, and cells a re ident ified as stratum granulosum 
because they are nucleated. No cornified cells were seen in the granular layer pellet (Fig 3) and no nucleated cells were seen in the stratum 
corneum preparations (Fig 4) (Fig 3 x 12,500; Fig 4 X 1,2(0). 
2. Separated stratum granulosum and stratum corneum prepara· 
tions: Combined stratum corneum and stratum granulosum sheets were 
first peeled back (Fig 2), and then carefully spread granular layer-
downward on filter paper soaked with 0.5% trypsin in phosphate-
buffered saline (PBS). After incubation of specimens in triplicate for 2 
hr at 37°C, those granular cells not already detached were removed by 
successive rinses with PBS followed by Vortex agitation. Granular ceLl-
enriched suspensions were then combined with the trypsin-soaked ftlter 
paper, including its adherent cells, to form the stratum granulosum 
fraction (Fig 3). The residual, undigested sheets formed the stratum 
corneum fraction (Fig 4). This method minimizes exposure of cornified 
surfaces to trypsin by limiting access of the enzyme to the stratum 
granulosum side of the combined sheet. The homogeneity of both 
fractions was assessed by light and electron microscopy (Fig 3, 4) : the 
stratum granulosum fraction contained 100% nucleated (granu.lar) cells, 
while stratum corneum fractions contained less than 5% nucleated cells. 
Histochemistry, Cytochemistry, and Electron Microscopy 
T he putative specificities of the various histochemical staining pro-
cedures are summarized in T able L Unfixed, quick-frozen sheets were 
se~tioned at 4 P.M in a cryostat and stained with the periodic acid-Schiff 
(PAS) method, m.odified for glycolipids [19], oil red 0 [20], and 8-
anilino-l-naphthalene sulfonic acid (ANS, reference 7) . Tissue for 
Baker's acid hematin was fixed in calcium-formol, then frozen sectioned, 
and stained [20]. For ultrastructural cytochemistry we employed the 
tricomplex flocculation reaction [21], concanavalin A (Con A) + horse-
radish peroxidase (HRP), as previously described [22], as well as the 
digitonin precipitation technique, as recently modified for freeze-frac-
ture and th in-section cytochemistry [23]. The retention of free sterols 
(predominantly cholesterol) following treatment with digitonin was 
assessed as previously described [23]; in freeze-fractured upper epider-
mal sheets, digitonin retained about 60-80% of the free sterol (Table 
II). In all cases, duplicate control t issues and/or sections were pre-
treated with chloroform:methanol (2: 1, v Iv) for 30 min prior to staining. 
Samples for ul trastructure were fixed rust in 1.5% glutaraldehyde in 
0.1 M cacodylate buffer, containing 4% sucrose and 0.05% Cac!., pH 7.4, 
TABLE 1. Histochemical and Cytochemical Methods 
Slain and Reaction 
Light Microscopy 
8-Anilino-l-naphthalene 
sulfonic acid (ANS) 
Oil red 0 
Acid hematin 
Periodic acid-Schiff 
Electron Microscopy 
Tricomplex flocculation 
Concanavalin A (Con A 
+ HRP) Horseradish 
Peroxidase (HRP) 
Digitonin 
Tissue and processing 
Unfixed, frozen sec-
t ions 
Unfixed, frozen sec-
tions 
Formol fixed , frozen 
sections 
Unfixed, frozen sec-
tions 
Unfixed, then proc-
essed for E M 
Aldehyde fixed , sec-
tioned, then proc-
essed for EM 
Unfixed, reacted, 
then freeze-frac-
tured 
Presumed lipids 
stained 
All lipid moieties 
Neutral lipids 
Phospholipids 
Polysaccharides 
(? glycolipids) 
Phospholipids 
Neutral polysac-
charides 
Free 3-,B-hy-
droxysterols 
for 4 hr at room temperature, then washed 3 t imes in 0.1 M cacodylate 
buffer containing 7% sucrose at 4°C, postfixed in 1% aqueous osmium 
tetroxide, pH 7.2, stained en bloc with uranyl acetate (except for Con 
A+HRP samples) , dehydrated in graded ethanols, and embedded in 
Epon. Thin sections were examined either unstained or double-stained 
with lead citrate and uranyl acetate (HRP specimens were no t stained 
with uranyl acetate), then examined in a Zeiss lOA or Philips 201 
electron microscope at 60 kv. 
Lipid Extraction 
The various cell fractions, as well as the whole epidermal sheets were 
extracted with redistilled chloroform:methanol:water (l :2:0.8 vols, all 
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TABLE II . Effect of digitonin on triglyceride and cholesterol retention in neonatal mouse stratum granulosum and corneum" 
Glutaraldehyde alone Glutaraldehyde + Digitonin 
Control 
2 hr 16 hr 2 hr 16 hr 
mg/ grn wet wt mg/ gm wet wt (%)/. mg/ gm wet wl (%)' mg/ gm wet wt (%) ' mg/ gm wel wt (%)' 
Cholesterol 9.9 l.l (J 1) 0 (0) 5.1 (60) (8. 1 (82) 
Triglycerides 17.8 0.1 7 (1) Not done 0 (0) Note done 
"Controls were directly extracted with chloroform:methanol (2:1 , vol/vol) . Cholesterol and triglycerides were assayed simultaneously in 
a u toana lyzer (see Materia ls and Methods). 
/, Average percent of control levels retained in 2 experiments. 
solvents analytical grade, Mallinckrodt Inc., Paris, KY.) in the manner 
of Bligh and Dyer [24], using a ratio of approximate ly 1 ml solvent/ l0-
15 mg t issue overnight at 25°C, after which t issue was transferred to a 
ground glass homogenizer and further extracted with fresh solvent. 
After thorough homogenization, the suspension was agitated in a mod-
ified Burrel wrist-action shaker for an additional 30 min at room 
temperature. The centrifuged pellet (2,000 rpm, x 10 min) was dis-
carded. The extraction media were pooled and converted to a 2-phase 
system with equal volumes of chloroform and water (extraction me-
dium:chloroform:water, 7.6:2:2 vols), again according to Bligh and Dyer, 
and the 2 phases were separated by centrifugation (2,000 rpm, x 10 
min), and the upper water phase discarded. Subsequently , the combined 
lower phases were washed twice with upper-phase solvent from the 2-
phase system (chloroform:methanol:water, 1:1:0.9 vols), and the com-
bined lower phases were evaporated to dryness under a 100% nitrogen 
atmosphere at 37°C. The dried lipids were then resuspended in absolute 
benzene and stored at -20°C. The initia l homogenization yielded 
approximate ly 90% of the extractable lipids, the second extract an 
addit ional 5-10%, and subsequent homogenization negligible amounts 
of lipid. 
Biochemical Analysis 
P hospholipids and neutral lipids were separated sequentially on thin-
layer chromatograms (silica gel G, Analabs, Inc., North Haven, Conn.), 
utilizing chloroform:methanol:water:acetic acid (60:35:4.5:0.5, v/ v/ v/v) 
as t he solvent for phospholipids, and petroleum either:diethyl ether: 
acetic acid (80:20:1, v/v/v) for neutral lipids. The quantities of individ-
ual lipid fractions were calculated per weight of total recovered lipid. 
Lipids were visualized under UV light after spray ing them with a 0.25% 
aqu eous solu t ion of ANS (8-anilino-l-naphthalene sulfonic acid), and 
individual compounds were ident ified by co-chromatography against 
authentic standards. 
N eutral lipids of low chromatographic mobility were subfractionated 
o n s ilica gel G (in 6 different solvent systems; Table III) into 5 bands 
which were identified as either ceramides, glycosphingolipids, or cho-
lesterol sulfate by thin-layer chromatography on silica gel H against 
known standards [15]. The total lipid from each band was fur ther 
fractionated into components on silica gel H (prewashed, reference 15) 
with the solvent system, chloroform-methanol-tO M aqueous ammonia 
(55:5:0.7, by volume). Lipids were located and recovered from each 
plate as described previously [15]. Sphingomyelin was detected by co-
c hromatography, resistance to alkaline hydrolysis, and visually by the 
benzidine:Chlorox spray reaction [25]. Glycolipids were visualized on 
t hin-layer chromatograms by the orcein method, or by sequentia l 
treatment with sodium periodate, sulfur dioxide, and pararosaniline 
hydrochloride [26]. 
The phosphorus content of individual fractions was assessed by 
Bartlett's method [27], while cholesterol was measured by the method 
of Ham [28], which confrrmed the accuracy of the weights of phospho-
lipid and cholesterol fractions. We obtained fatty acid methyl esters 
from most of the phospholipid and neutra l lipid species isolated from 
combined stratum granulosum and stratum corneum by reflux hydrol-
ysis and esterification (70°C, 18 hr) with 5% sulfuric acid in absolute 
methanol in sealed ampoules. The cholesterol ester and sphingomyelin 
fractions were treated similarly. Methyl esters were then analyzed on 
a Bendix 2500 gas-liquid chromatograph (Bendix Process Instruments 
Division, Roncevert, W. VA.) using a 6 ft x 0.25 glass columns filled 
with 10% DEGS-PS (Supelco, Bellefonte, PA.). Gas chromatographic 
analysis of selected neutral lipids, including long-chain alkanes, was 
performed on 3% polysiloxane (Applied Science Laboratories, State 
CoUege, PA.) using temperature programming. The fatty acid, long-
chain base, and carbohydrate compositions of isolated ceramides and 
glycosphingolipids were analyzed as described by Gray and White 
[15]. 
TABLE III. Solvent systems used to .subfractionate neutral lipids of 
low mobility 2 
1. Petroleum ether :diethyl ether: acetic acid (5 :95: 0.5, v:v:v) 
2. Acetone: pyridine: chloroform:water (40 :60:5: 4, v:v :v:v:), fo llowed 
by ethyl ether:pyridine:ethanol :2M ammonium hydroxide (65:30: 
8:2, v:v:v :v) 
3. Chloroform :methanol :acetic acid :water (44:25:25:6, v:v:v :v) 
4. Tetrahydrofuran:methylal:methanoi:water (10:6:4 :1, v:v:v:v) 
5. Chloroform : ethanol: water: 8.3M ammonium hydroxide (60: 35: 7: 1, 
v:v:v:v) 
6. Absolute diethyl ether, foUowed by chloroform : methanol : water (80 : 
20:2, v:v:v) 
" Systems 1-5 run on Silica Gel G (see Methods); system 6 run on 
S ilica Gel H [15]. 
RESULTS 
Localization of Barrier Layer Lipids 
Histochemistry (Table IV) : The flu orescent dye, ANS, was 
used as a general detector of lipids in unfixed frozen sections 
[7). Fluorescence occurred in a diffuse pattern over the granular 
cell cytoplasm and over cell membranes within the upper 
stratum granulosum (Fig 5). In the stratum corneum, fluores-
cence was limited to regions of the cell membrane; the cyto-
plasm failed to fluoresce. 
Oil red 0, which detects neutral lipids, stained neither the 
cytoplasm nor membrane regions of the stratum granulosum. 
However, the stratum corneum was densely stained at all levels, 
with staining restricted to membrane regions (Fig 6). In favor-
able, thin frozen sections, membrane regions seemed to contain 
lens-like dilatations filled with red-staining material (Fig 6, 
arrows). 
Acid hematin, which detects phospholipids, stained the cy-
toplasm of viable keratinocytes at all levels of the epidermis, 
but most intensely at the stratum granulosum-stratum corneum 
interface, where cellular details were completely obscured by 
the heavy reaction product (Fig 7). In contrast, the mid-to-
upper stratum corneum was virtually unstained. 
The periodic acid-Schiff stain, modified to detect glycolipids 
[19], revealed staining within the granular cell cytoplasm (not 
illustrated) , but membrane regions of the stratum granulosum 
and the stratum corneum were not stained. The effect of solvent 
pretreatment on the above stains is summarized in Table IV. 
Cytochem.istry (Table V): The t ricomplex flocculation tech-
nique, an ul trastructural detector of phospholipids, revealed 
deposit ion in the cytoplasm of granular cells. Deposits appeared 
within the trilaminar limiting envelopes of the plasma mem-
bra ne, mitochondria, Golgi-derived secretory vesicles, and la-
mellar bodies (Fig 8). But deposits appeared in neither the 
internal discs and matrix of lamellar bodies, nor their secreted 
contents following expulsion into the intercellular spaces. In 
the stratum corneum, a fine granular pattern studded the 
cornified cell cytoplasm, expanding into large aggregates adja-
cent to residual membrane fragments (Fig 9). As in the stratum 
granulosum, intercellular domains were spared. 
Penetration of Con A and/or HRP was limited to the ftrst 2 
or 3 cell layers of whole epidermal sheets. In these regions the 
matrix material in lam ellar bodies, both before and after secre-
tion, appeared strikingly blackened after Con A treatment (Fig 
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TABLE IV. Localization and distribution of lipid histochemical staining in stratum granulosum and stratum corneum" 
Speci fi c tech· 
niques 
ANS 
Acid Hematin 
PAS 
Oil red 0 
Stratum granulosum 
Membrane regions 
++ 
o 
++ 
o 
Intracellular 
+++ 
+++ 
+++ 
o 
" In tensity graded subjectively on a scale of 0 to ++++ 
Stratum corneum 
Membrane regions 
++++ 
o 
+ 
++++ 
Intracellular 
o 
+ 
+ 
o 
Effect of so lvem pretreatment 
Diminished 
No change 
Diminished 
Abolished 
FIG 5. Unfixed, frozen section of stratum granulosum plus stratum corneum stained with the fluorescent dye, B-anilino-I-naphthalene-sulfonic 
acid (ANS). Note diffuse fluorescence of granular ce lls (SO ), while fluorescence in stratum corneum (SC) is limited to membrane regions (xBOO). 
FIG 6. Unfixed, frozen section of stratum granulosum plus stratum corneum s tained with oil red O. Note absence of stain in stratum granulosum 
(SO), -while membrane regions of the stratum corneum (SC) are intensely stained. In some regions oil red O-stained materia l appears to form 
droplets or lens- like pockets (arrows) (XI,200). 
FIG 7. Formol-calcium fixed, frozen section stained with the Baker acid hematin method. Note intense staining throughout viable epidermis 
becoming minimal at the stratum corneum (SC)-stratum granulosum interface. The stratum corneum is not stained (X450). 
FIG B & 9. Stratum granulosum (Fig 8) and stratum corneum (Fig' 9) treated with the tricomplex flocculation method. In Fig B note that the 
limi ting membrane of lamellar bodies conta ins dense deposi ts (arrows), while the internal contents of these organelles is not blackened. In Fig 9, 
t he cytoplasm of corneocytes contains scattered, fine granular deposits and dense aggregates (arrows), The latter appear adjacent to residual 
membrane- like spicules. Intercellular domains in both the stratum granulosum (not illustrated) and stratum corneum contain no deposits. (Fig B 
x 95,000; Fig 9 x 62,000). 
10), but neither the stratum corneum interstices nor the residual 
cytoplasmic contents of cornified cells were stained. 
The digitonin method, long employed to detect free 3-f3-
hydroxysterols in thin sections, more recently has been utilized 
to visualize free sterols in freeze-fractured tissues [23]. Freeze-
fracture avoids the extensive extraction of neutral lipids which 
accompanies dehydration and embedding of tissues for thin 
sectioning. With this method free sterols were found both 
within lamellar bodies (Fig 11), and within intercellular lamellar 
body deposits (Fig 12, 13). Finally, digitonin extensively corru-
gated the broad intercellular laminae of the stratum corneum 
(Fig 14, 15). The effect of solvent pretreatment on the above 
t hree cytochemical methods is summarized in Table V. 
Lipid Composition of Isolated Cell Fractions 
Thin-layer chromatography of phospholipids and neutral 
lipids: Table VI compares the composition of material isolated 
from whole sheets with the constituents obtained from sepa-
rated popUlations of granular and cornified cells in 3 parallel 
experiments. With the exception of sphingomyelin, the quanti-
t ies of individual fractions encountered in isolated stratum 
granulosum and stratum corneum was roughly equal to the 
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TABLE V. Subcellular localization and distribution of lipids in stratum granulosum and stratum corneum 
Spec ifi c techn iques 
Tricomplex floccu la-
tion 
Con A+HHP 
Digitonin 
Stratum granulosum 
Organelle limi ting membranes 
Lamellar body contents 
Lamellar body limiting membranes and 
contents 
total obtained from whole sheets prior to enzymatic separation. 
It is possible that some sphingomyelin was lost or degraded 
during the isolation or extraction procedures, and this may 
partially account for the unusually low yield of phospholipids 
from isolated stratum granulosum preparations, as opposed to 
whole sheets. The quantities of phospholipids were much lower 
in the stratum corneum, while a relative increase in all neutral 
lipid classes was observed (Table VI). As previously reported 
[7] , the sterol ester fraction contained substantial quantities of 
hydrocarbons, apparently of non biogenic (atmospheric) origin 
(see below). 
Characterization of low mobility neutral lipids: In isolated 
cell populations of both stratum granulosum and stratum cor-
neum, a substantial amount of lipid (25-40% of the total lipid) 
migrated at the front of phospholipid plates and remained at 
the origin when subsequently separated on neutral lipid plates. 
Prior to subfractionation, this material demonstrated the tinc-
torial properties of glycolipid [7], but after further separation 
with other solvent systems (Table III) , at least 5 distinct sub-
species could be visualized. Only the most polar band (band 5) 
then stained as glycolipid. Considerably more of the glycolipid 
(band 5) was present in stratum granulosum preparations than 
in stratum corneum samples (Table VII). Comparison of pro-
files of band 5 material with previously isolated and character-
ized glycosp hingolipids from pig and human barrier layers 
[15,36], indicated that band 5 was predominantly O-acyl-gluco-
sylceramide, while the remainder comprised closely-related glu-
cosylceramides. Band 4 contained ceramides and cholesterol 
sulfate, while bands 1, 2, and 3 comprised ceramides. The 
ceramides were separated into 8 components, MCel to MCe8 
(in order of increasing polarity, see Fig 16). MCe2 and MCe6 
were very minor components and their fatty acids were not 
quantitatively analyzed. All the cerami de fractions contained 
high proportions (46% to 92%) of C22 - C2~ (normal) saturated 
acids (Table VIII) . The major acid in MCe3, 5, 7 and 8 was 
tetracosanoic acid and that in MCel and 4 was hexacosanoic 
acid. Sphingenine and sphinganine were the major components 
of the long chain bases in all mouse ceramides and in MCe3, 4 
and 5 they accounted for approximately 80% of the total long 
chain bases (Table IX). 
The total glycosphingolipids in band 5 separated into 4 
components on thin-layer plates of either silica gel G or silica 
gel H with, respectively, the solvent systems:chloroform-meth-
anol-water and chloroform-methanol-l0 M aqueous ammonia, 
(both 90:10:1, by volume) . The major band and least polar 
component had the same chromatographic properties as 3-0-
acyl-glycosylceramide from human epidermis [36]. The other 3 
components were similar to the glucosylceramides also present 
in human epidermis [15]. Glucose was the only sugar present in 
the neonatal mouse glycosphingolipids. Fatty acids were re-
leased from the least polar mouse glucosylceramide under those 
conditions which selectively released the fatty acids esterified 
to g lucose. The major fatty acid esterified to glucose (see MGL/ 
G, Table VIII) was octadecadienoic acid (34.4%). The 4 gluco-
sylceramides were not separated for analyses of fatty acids 
because of the small amount isolated. The total glucosylcer-
amides (MGL/S, Table VIII) contained a high proportion 
(about 52%) of C22 to C 2H normal saturated fatty acids and some 
hydroxy fatty acids (16%). The long chain bases in the gluco-
sylceramides also were predominantly sphingenine and sphin-
garune (Table IX) . 
Stratum corneum 
Hesidual intracellular membrane rem-
nants 
o 
P lasmalemma and interceUular lameUae 
Effect of solvent pretreat-
ment 
No effect 
Diminished 
Abolished 
Gas liquid chromatography (GLC) of stratum granulosum 
plus stratum corneum sheets: Analysis of fatty acid methyl 
esters of the major esterified polar and neutral lipids yielded 
results comparable to our previous study (reference 7, Table 
III) . Neutral lipids, with the exception of the free fatty acid 
fractions, contained shorter chain fatty acyl moieties than did 
the polaJ' lipids, free fatty acids, and glycosphingolipids, which 
contained considerable long chain, saturated material (C24:0 
and C26:0) (Table VIII). The low mobility fraction, in particu-
lar, contained almost 70 mol% C24:0 and C26:0 (reference 7, 
Table III; Table VIII). 
High temperature GLC analysis of the hydrocarbon fraction, 
subfractionated from the sterol ester fraction [7], revealed 
comparable quantities of odd-and even-numbered carbon at-
oms, indicating possible environmental contamination. 
DISCUSSION 
Chemistry of Barrier Layer Lipids 
During keratinization dramatic changes occur in the compo-
sition of endogenous epidermal lipids. A shift from polar to 
neutral lipids was first appreciated by Kooyman [29], and since 
then numerous studies have documented the disappearance of 
phospholipids and emergence of free sterols and sterol esters in 
the stratum corneum [30-32]. However, until recently there 
have been only a few studies of the composition of the phos-
pholipids and neutral lipids of mammalian upper epidermis 
[30-34]' More recently, Gray and his co-workers [14,15] have 
extensively characterized the polar lipids and glycosphingo-
lipids in these regions. In addition to the commonly encountered 
spectrum of polar lipids, they found 2 novel phospholipids in 
pig stratum granulosum [14,35]. Furthermore, several other 
relatively polar neutral lipids have been identified by these 
workers in pig and human epidermis, including cholesterol 
sulfate, a variety of ceramides and glycosylated ceramides 
[15,36]. Finally, the work of Gray's laboratory, and work in the 
senior author's laboratory suggested that most of the glyco-
sphingoiipids and almost all of the phospholipids disappeared 
during keratinization, but sphingolipids, along with free sterols, 
sterol esters, free fatty acids, and some triglycerides, persisted 
within the stratum corneum [7,14,15]' 
In this study, shifts in lipid biochemical composition during 
keratinization have been quantitated by examining separate 
populations of granular and cornified cells. As frequently dem-
onstrated in the past [e.g., 14,32] phospholipids largely disap-
peared during keratinization, while neutral lipids emerged 
(Table VI). The quantity of each fraction in the stratum gran-
ulosum plus the quantity of each fraction in the stratum cor-
neum could be accounted for by the amount present in com-
bined stratum granulosum + stratum corneum (= whole 
sheets), except for the unexplained dinlinution of sphingomyelin 
in isolated stratum granulosum. It is possible that the loss of 
sphingomyelin from the stratum granulosum reflects endoge-
nous degradation during the 2-hr exposure of this layer to 
trypsin prior to extraction, and sphingomyelinase is known to 
be present in epidermis [37]. In this study, we have again [7] 
demonstrated the presence of large quantities of low-mobility 
neutral lipids in mouse barrier layers (25-40%), of which a 
substantial proportion are sphingolipids. Preliminary compari-
sons of this fraction with chromatographically similar fractions 
in pig and human epidermis [15] revealed that they consisted 
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FIG 10. Interface of stratum corneum and stratum granulosum of sample treated with concanavalin A plus horseradish peroxidase. Secreted 
lamellar body contents fill the intercellular spaces and are still arranged in short arrays comparable to their organization in lamellar bodies prior 
to secretion. Note the dense staining of matrix material surrounding secreted lamellae (arrows) (X56,500) . 
FIG 11-13. Portions of the stratum granulosum following treatment with digitonin. Lamellar bodies are deeply corrugated by digitonin in 
freeze-fracture preparations (Fig 11, arrows). Lamellar body contents lying within the intercellular spaces are also extensively corrugated 
revealing extramembrane tubular complexes in both freeze-fracture replicas (Fig 12, arrows) and thin sections (Fig 13). D = desmosome; E = E 
fracture face (Fig 11 x 57,500; Fig 12 x 51,000; Fig 13 x 55,500). 
FIG 14 & 15. Stratum corneum intercellular domains before (Fig 14) and after (Fig 15) digitonin treatment. Note multilaminated nature of 
stratum corneum interstices (indicated by numbers), and the extensive complexing of free sterols in these regions (arrows) (Fig 14 x 34,000; Fig 
15 x 56,500). 
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TABLE VI. Lipid composition of isolated lipid fra ctions from neonatal mouse stratllm corneum, stratllm granulosllm and whole sheet" 
Stratum gra nulosum" Stratum corneum" Whole sheet 
Phospholipids 
P hosphatidy lethanolamine 1.77 ± 0.15 1.96 ± 0.84 4.3 
Phosphatidylcholine 2.27 ± 0.23 1.67 ± 0.74 4.4 
Sphingomyelin 1.47 ± 0.30 1.63 ± 0.42 12.0 
S u btotal 5.5% 5.2% 20.7% 
Neutral lipids 
Sterol esters 3.43 ± 1.27 6.63 ± 1.32 12.3 
Triglycerides 2.57 ± 0.25 3.87 ± 0.90 4.1 
F ree fatty ac ids 2.97 ± 1.14 6.87 ± 1.98 7.2 
Free sterols 3.87 ± 0.15 9.07 ± 5.32 14.0 
G lycos phingolipids (see Table VII) 7.03 ± 1.06 16.8 ± 5.95 29.6 
S ubtota l 25.3% 48.4% 85.4% 
Tota l 84.4% \06.1% 
" Valu es expressed as weight % of total lipid recovered from TLC p lates run sequentia lly in polar a nd neutral lipid solvent system. The 
un accounted for 14-26% consisted of unfractionated materia l at the origin , a nd undiscernible materia l lying between majo r fractions. 
" Va lues represent ave rages and standard deviations from 3 separate experiments (see Materials and Methods) . 
TABLE VII. S ubfractionation of low mobility neutral lipids" 
Band Lipid type" Slralum gran ulosum Stratum corneum 
1 Ceramide 16.9 (%) 37.8 (%) 
2 Ceramide 14.3 13.1 
3 Ceramide 19.3 26.5 
4a Ceramide 18.8 7.3 (Ceramide) 
4b Cholesterol sulfate Not done 3. 1 (Cholesterol sulfate) 
5 Glycolipids 30.3 12.1 
Total 99.6% 99.9% 
" Expressed as weight percent of total low mobility neutral lipids (primarly glycosphingolipids) recovered by rechromatography of material 
from neutral lipid origin in petroleum ether:diethylether:acetic acid (5:95:0.5, v:v:v) on silica gel G. Results represent mean of three representative 
experiments, except for cholesterol sulfate which was determined in 1 experiment. 
" Tenta tive identity of each band was established by co-chromatography against characterized material from pig and human epidermis 
[15]. Only band 5 is orcein-positive. 
TABLE VIII. Fatty acid composition of ceramides and glilcosylceramides isolated from neonatal mouse whole sheet 
Faltyacids Ceramidesfl Glucosylceramides" 
(carbon no.: 
double bonds) MCe l MCe3 MCe4 MCe5 MCe7 MCeS MGL/ G MGL/ S 
14:0 1.6 1.2 lr 1.0 lr lr lr 
15:0 tr 0.7 lr lr lr lr lr 
16:0 3.1 6.2 2.9 4.3 I.S 1.6 16.3 Lr 
16: 1 13.S 
17:0 1.4 1.5 tr 0.9 lr lr lr 
1S:0 4.6 16.2 2.3 7.3 1.1 2.7 S.O 3.1 
IS: I 2.2 11.2 I.S 6.5 O.S 1.9 IS.2 2. 1" 
1S:2 3.8 34.4 
20:0 4.9 6.4 3.7 7.6 1.4 1.8 9.3 6.0 
21:0 0.9 5.7 2.5 4.3 1.4 8.4 5.4 
22:0 10.8 5.7 3.6 12.7 15.3 16.8 7.0 
23:0 lr 3. 1 2.2 5.3 9. 1 6.6 1.3 
24:0 19.8 28.1 16.6 39.1 41.9 31.7 21.5 
25:0 12.2 2.9 S.3 5.2 11.9 8.6 10.0 
26:0 28.2 6.6 45.3 6.7 12.0 B.8 8.2 
27:0 2.2 0.8 lr 1.3 
2S:0 3.8 1.4 3.8 2.4 
20:0H lr 6.0 
22:0H 8.6 7.2 
24:0H 3.0 
2.0 
Un identified 2.0 4.9 2.0 7.3 15.5 
Tolal 100.3 99.S 100. 1 100.0 100.9 100.0 100.0 100.0 
" Values are expresed as percenLage of lotal fally acid (M = mouse; Ce = ceramides) . 
" MGL/G, fatty acids esterified to the glucose of O-acylglucosylceramide; MGL/S, fally acids attached to the sphingosines of the total glucosylceramides (including 
the O-acyl compound). 
,. These values may include small amounts of 18:2 acids. 
priInarily of ceramides, glucosylceramides, and cholesterol sul-
fate. Interestingly, comparison of this work with prior work in 
Gray's laboratory [14,38], indicates that there are great similar-
ities in t he composition of pig, human, and mouse stratum 
corneum lipids, particularly among the neutral lipids and gly-
cosphingolipids. 
Gas liquid chromatography reveals similarities in fatty acyl 
chain lengths of mouse, pig, and human barrier layer lipids. 
Mouse [7J, pig [15J, and human [15,33,34J lipids isolated from 
stratum corneum contain large amounts of long-chain, satu-
rated fatty acids (C24:0, C26:0, and C28:0), particularly in the 
sphingolipid fraction [7,15]. It has been suggested that the long-
chain fatty acids simply represent residual fatty acyl groups 
remaining after oxidation of shorter-chain material for energy 
[39J, but these long-chain compounds may be able to form a 
stable hydrophobic barrier and they may be selected, functional 
products of epidermal differentiation. In addition to long-chain 
saturates, linoleic acid (C18:2) is present in pig [15J, human 
346 ELIAS ET AL 
[15], and mouse glycosphingolipids. Yet, despite its undisputed 
importance for epidermal barrier function [39], it is not yet 
clear how linoleic acid participates in waterproofing the epider-
mis. 
Location of Lipid Classes in Neonatal Mouse Barrier Strata 
The fluorophore, 8-anilino-1-naphthalene sulfonic acid 
(ANS) , provides a convenient detector of overall lipid distri-
bution in frozen, unfixed sections of epidermis [7]. With this 
probe, fluorescence was encountered in both intracellular and 
membrane locales in the stratum granulosum, but in the stra-
tum corneum fluorescence was limited to membrane regions, 
suggesting that the majority of stratum corneum lipid is con-
centrated there. On the other hand, the concept that the 
corneocyte cytoplasm is largely devoid of lipids does not fit 
wi th x-ray diffraction data [41,42] which suggest that lipids 
form a "shell" around intracytoplasmic keratin fliaments in this 
: .. ... ~ 
: .... ~ 
--... .. ~.. ,.-r- ... ,,~ --.. --.0:. 
MCe3 
MCe5 
MCe4 I MCe7 I MCel I 
MCe2 
s 
MCe6 MCe8 ' 
FI G 16. Thin-layer chromatographic properties of ceramides from 
mouse stratum corneum. Compounds were separated on s ilica gel H 
(0.25-mm thickness) with solvent system chloroform-methllnol-IO M 
ammonia (55/5/0.7, by vol). MCeJ to MCe8, mouse ceramides; S , 
reference mixture of human cenimides HCel to HCe5 (see reference 
15). 
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layer. Evidence that much of the lipid is concentrated in inter-
cellular domains derives not only from histochemistry with 
ANS and oil red 0, as shown here and previously [7], but also 
from the behavior of stratum corneum when freeze-fractured 
[3,4], and from the appearance of stacks of broad bilayers in 
thin-sectioned stratum corneum [3,4,12,13]. However, it is likely 
that a small amount of lipid, presumably including phospholip-
ids, remains within cornified cells. The observation of a granular 
pattern of tricomplex flocculation in the cytoplasm of cornified 
cells (Fig 9), and the persistance of small amounts of phospho-
lipids in purified stratum corneum preparations (Table VI) 
leaves this possibility open. Whether these substances are re-
lated to the observed x-ray diffraction pattern [41,42] is debat-
able, and awaits further study. 
Utilizing the results obtained from histochemistry and ultra-
structural lipid cytochemistry, still more tentative conclusions 
can be reached about the origin and destination of barrier layer 
lipids: The periodic acid-Schiff (PAS) reaction demonstrated 
neutral sugal's, possibly linked to lipids, in the stratum granu-
losum (see also reference 37) . Sugal'-containing substances were 
found almost exclusively within lamellar bodies with Con A. 
Lamellar bodies have been previously shown to contain sugal' 
moieties [10,11]' However, in this study neither the PAS stain 
nor the Con A reaction demonstrated sugar moieties in the 
stratum corneum. Oul' results are consistent with the biochem-
ical observations [7,14] that most glycolipids disappear dUl'ing 
cornification. 
The oil 0 stain suggests that neutral lipids in the stratum 
corneum are localized to membrane regions. Since large 
amounts of neutral lipids are also present in the stratum gran-
ulosum (Table VI), the reason for the complete absence of oil 
red 0 staining in the stratum granulosum is not clear. One 
neutral lipid fraction, the free sterols, clearly has been demon-
strated both within epidermal lamellar bodies and later within 
the intercellular bilayers of the stratum corneum with the 
digitonin-freeze-fractUl'e technique, and more recently by 
freeze-fractUl'e cytochemistry and fluorescence histochemistry 
with the polyene antibiotic, fIlipin (Elias, Brown, and Williams, 
In Preparation), findings that parallel the biochemical data 
indicating the presence of substantial free sterols in both the 
stratum granulosum and stratum corneum Table VI). 
bttelpretive Overview of Barrier Layer Lipid Formation 
From the above biochemical and histochemical data it is now 
possible to speculate about the fate of lipids during cornification 
(Fig 17). It seems likely that the neutral lipid-enriched bilayers 
of the cornified layer may originate entirely from the secreted 
contents of lamellar bodies. The phospholipid components of 
val'ious organelle membranes, including the plasma membrane 
and the limiting membranes of lamellar bodies, are catabolized 
by phospholipases, lysophospholipase, sphingomyelinase, and 
phosphatases, all of which have been identified in pig and 
human epidermis [37,44,45]. Phospholipase A2 initiates glycer-
TABLE IX. Composition of long. chain bases in ceramides and glucosylceramides isolated from neonatal mOl/se whole sheet 
Long·chain base Ceramides" 
designation (carbon No.:double bonds) MCel ' MCe3 MCe4 MCe5 MCe7' 
Hexadecasphingenine 16:1 3.1 4.0 2.0 
Heptadecasphingenine 17:1 4.9 7.6 8.5 + 
S phingenine 18:1 + 63.2 68.0 54.1 + 
Sphinganine 18:0 + 11.0 6.1 21.2 + 
O-methylsphingenine" 18(OMe):1 4.7 5.4 6.9 + 
Eicosasphingenine 20:0 10.3 3.0 + 
Unident ified 3.1 9.0 4.4 
Total 100.3 100.1 100.1 
" Values are expressed as percentage of tota l long chain bases (M = mouse; CE = ceramide; GL = glucosylceramide). 
" lclent ificaLion (+ ) only; samples unsuitable for quantitative analysis. 
< Art ifact of the hydrolysis procedure derived from sphingenine. 
Olucosylceramide" 
MCeS"' MOL' 
+ + 
+ + 
+ + 
Nov. 1979 
ophospholipid catabolism yielding a fatty acid and a lysophos-
pholipid , which may trigger membrane fusion a nd exocytosis 
[46]. After catabolism of most of the glycerolipids and phos-
pholipids, the major lipids remaining within the stratum cor-
n eum are cholesterol, ceramides and fatty acids with small 
amounts of glycosphingolipids, triglycerides and cholesterol 
esters. Only traces (a round 1% of total lipids) of phospholipids 
remain in pig and human stratum corneum [14] but in neonatal 
mouse stratum corneum the phospholipids accounted for ap-
proximately 10% of the total lipid (Table VI) . This difference 
may reflect differences between new-born and adult mouse 
epidermis rather than species differences. 
Though phospholipids are usually found as major compo-
nents of m embrane bilayers in other t issues, other amphipathic 
s ubsta nces, e.g. ceramides, can form lipid bilayers (e.g. reference 
47). W e suggest t hat enough of t he lipids retained in th e stratum 
corneum ar e polar to form the membrane bilayers of the stra-
t um corneum (Fig 18) . Experimental evidence for t his exists as 
well, since mixtures of stratum corneum lipids are capable of 
forming stable bilayers in liposome preparations (Gray and 
White, submitted for publication). 
Role of Stratum Corneum Lipids in the Permeability Barrier 
Treatment of t he stratum corneum with lipid solvents 
breaches the barrier to water a nd pola r substances [48] (re-
v iewed in reference 49) . Although it has been assumed generally 
t hat solvent treatment permits polar substances to traverse the 
stratum corneum via "holes" punched in cornified cells [49], we 
would predict instead that organic solvents remove intercellular 
lipids, permitting ready access a nd passage via intercellular 
domains. Preliminary evidence to support this concept has 
already come from tracer perfusion studies [50]. The impor-
tance of t he intercel1ular route was further suggested by studies 
in essential fatty acid-deficient stra tum corneum, where tracers 
entered intercellular doma ins as qua ntities of deposited inter-
cellular lipid decreased [51]. Moreover, freeze-fracture replicas 
of this model revealed that t he broad intercellulal' bilayers 
fragm en ted a nd often disappeared as the deficiency state pro-
gressed [51]. These experimental a pproaches describe experi-
mentally pertUl"bed stratum corneum and are limited to the 
beh avior of larger water-soluble substances, rather than water 
itself. It is still possible that the location and function of the 
MEMBRANE REGIONS 
STRA TUM CORNEUM 
CORNIFICA TlON 
CYTOPLASM 
RETAINED 
IFF A , FREE . STEROLS , 
STEROL ESTERS , 
SPHINGOLIPIDS) 
STRATUM ~ 
GRANULOSUM (L) &~M ) 
PHOSPHOLIPID ~ 
? 
t~ GL YCOSP HINGOLIPIDS . ~ FREE STEROLS 'l r.(N) 
MEMBRANE REGIONS ~c::::? l =lam e llar Body 
M =Mitochondrion 
N = Nuci e u s 
FIe 17. Speculative model of the precursors and products of inter-
cellular lipids in balTier layers. LameUar bodies contain primarily 
glycolipids and free sterols, which w'e secreted and extensively metab-
olized . Whether other organelle membranes contribute phospholipid 
catabolic products to either the in tercellular spaces or the intracellulw' 
matrix of the stratum corneum is not known. 
EPIDERMAL BARRIER LAYER LIPIDS 347 
HYDROPHILIC · 
AQU EOUS ENVIRONMENT PlA S MA 
CEll CYTOPLA SM FA TTY AC I D 
INTERC ELLULAR l-
SPACE 
LIPID 
Bl l AYERS 
P. Polor Regia " of Bi layer 
NP . Non . Polor Regio " 0 1 Biloyer 
Gl UCOSnCERAMIOE 
FIG 18. Speculative model of the composition of the broad bilayers 
in the stratum corneum intercellular spaces. According to this concept, 
glucosylceramides, cerami des, and the 3-,B-hydroxyl terminus of free 
sterols provide the hydrophilic moieties required to form the membrane 
bilayers that are found in stratum corneum cell membranes. 
normal barrier to water loss may be different. Consequently, 
alternate experimental strategies will be required to a nswer 
questions a bout transport across unperturbed stratum corneum. 
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